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particle  radius,  surface  area  and  concentration  give  insight  into  the  mechanism  of the catalytic  process.
Comparison  is also  made  with  an  analogous  bipolar  conﬁguration,  formed  by  making  contact  between
the  liquid  half-cells  using  a gold wire.
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. Introduction
Electrochemistry at the interface between two immiscible elec-
rolyte solutions (ITIES) has become an important sub-domain of
lectrochemistry. Ion transfer, assisted ion transfer and electron
ransfer are possible and more complex reactions can occur at the
nterface, which involve coupled ion and electron transfer. Recently
here has been considerable interest in the catalysis of reactions,
uch as the oxygen reduction reaction (ORR) or hydrogen evolu-
ion reaction (HER), at the liquid–liquid interface. Catalysis can be
chieved through adsorption of larger molecules [1–4], through the
rowth of metallic deposits [5,6] or through the adsorption of solid
atalysts (MoS2) [7,8].
The HER at the liquid–liquid interface without any catalyst
resent [9] and its catalysis through the adsorption of molybde-
um disulﬁde has been investigated [7] under anaerobic conditions.
he mechanism proposed is a proton-coupled electron transfer
PCET). The proton is transferred from the aqueous phase to the
rganic phase upon which it is reduced to hydrogen in the organic
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Open access under CC BY license. phase. The possible reactions involving protons and oxygen are
summarised in Table 1 together with the corresponding standard
potentials in an aqueous phase at pH 3, in 1,2-dichloroethane
(DCE) and in 1,2-dichlorobenzene (DCB). As can be seen from this
table, the standard reduction potentials are more positive in the
organic phase, therefore with ferrocene derivatives (E0 in the range
0.03–0.57 V vs. SHE) [10] as reducing agents these reactions can
occur spontaneously in the organic solution.
In the presence of oxygen the proton transfer is followed by
a two-electron oxygen reduction reaction to hydrogen peroxide
and/or by a four-electron oxygen reduction reaction to water
[11,12]. The catalysis of this reaction using porphyrin molecules has
been investigated at the water|DCE [1,3,4,13] and the water|DCB
[10] interfaces.
The modiﬁcation of the liquid–liquid interface is also possi-
ble through adsorption of metallic nanomaterials. The assembly of
gold nanoparticles at the liquid–liquid interface can be probed by
optical methods which are very sensitive to the surface plasmon
resonance of the gold particles as was shown experimentally [14]
and theoretically [15]. Similarly, the inﬂuence of a ﬁlm of nanopar-
ticles adsorbed at the liquid–liquid interface on the interfacial
capacitance was  investigated experimentally [16] and theoretically
[17]. It was  further shown that an enhancement of photocurrent
response can be achieved through the adsorption of gold nanopar-
ticles at the water|DCE interface due to the plasmon resonance of
the adsorbed gold [18].
Nanoparticles are widely investigated for their catalytic activ-
ity due to their high surface to bulk atom ratio and the achievable
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Table  1
Electrochemical reactions involving proton reduction and the corresponding
standard potentials vs. SHE in aqueous solution of pH 3, DCE and DCB are
summarised.
E0 in acidic
solution (pH 3)/V
E0 in DCE/V E0 in DCB/V
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tO2 + 2H + 2e → H2O2 0.482 1.166 1.24
O2 + 4H+ + 4e− → 2H2O 1.051 1.749 1.86
H+ + e− → ½H2 −0.177 0.55 0.68
igh surface area at low bulk concentration and associated lower
ost. Studies of the reactivity of nanoparticles as catalysts for
lectrochemical reactions involve the adsorption or growth of
anomaterials onto solid substrates, e.g. carbon materials [19,20],
xide materials [21], metal substrates [22] or molecular templates
23], which allow formation of an electronic contact required to
ontrol electrochemical reactions. The potential is then applied
hrough the substrate material. Although the substrate is chosen
ith a low activity for the speciﬁc catalysed reaction, the potential
istribution at the interface and the electrochemical results might
e inﬂuenced through the substrate double layer [24]. To decouple
ubstrate–nanoparticle and substrate–electrolyte interaction from
he electrochemical results is therefore not straightforward. The
ffect of gold particles supported on a solid substrate on the catal-
sis of the ORR has been widely investigated and a higher activity
owards the 4-electron step reaction has been found for smaller
articles [20,22,25]. It is, however, difﬁcult to decouple the effect of
article coverage, active surface area and surface geometry unam-
iguously from the observed changes in the rate constants [25]. The
iquid–liquid interface enables the electrochemical properties of
anoparticles to be probed without having to consider the inﬂuence
rom a solid substrate and is a promising tool to combine electro-
hemical (particularly electrocatalytic) reactions at solid surfaces
ith the advantage of having two solvents to transport reacting
pecies. Speciﬁcally, the adsorption of crystalline nanomaterials at
he ITIES is a promising way to combine solid–liquid electrocatal-
sis with the advantage of the liquid–liquid interface (e.g. higher
olubility of oxygen in organic solvents).
In this paper we present a new approach to study the electro-
atalytic activity of nanomaterials for ORR through adsorption at
he liquid–liquid interface. This setup allows the direct probing as
he nature and amount of the adsorbed particles is easily varied. In
ddition, the bipolar setup, in which the two liquid phases are sep-
rated in two half-cells without forming a liquid–liquid interface,
nly connected by a conducting material [26], allows the direct
omparison of the response with that of the corresponding bulk
aterial at the liquid–liquid interface and therefore resolves any
ontribution due to ion transfer in the net catalytic process.
The effect of adsorption of (i) gold nanoparticles of different size
nd of (ii) Pd shell–Au core nanoparticles with ﬁxed core size, but
arying shell thickness, is reported here.
. Experimental
Glassware was cleaned in a 1:4 mixture (by volume) of
iranha solution (30% hydrogen peroxide, H2O2, and concentrated
ulphuric acid, H2SO4, Fisher Scientiﬁc), boiled in ultra-pure
ater and dried. Solutions for the aqueous phase were pre-
ared using ultra-pure water (18.2 M cm). LiCl (99.99%, Aldrich)
as used as the aqueous base electrolyte at a concentration of
.1 M.  Hydrochloric acid (99.999%, Sigma–Aldrich) was  used to
djust the pH to 3. 1,1′-Dimethylferrocene (DiMFc, 97%, Alfa
esar) was used as the reducing agent in the organic phase.
he organic solvent was DCB (≥99%, supplied by Fluka). The
rganic phase electrolyte bis(triphenylphosphoranylidene)-
etrakis[3,5-bis(triﬂuoromethyl) phenyl] borate (BTPPATPBF) wasFig. 1. The four electrode electrochemical cells employed for (a) liquid–liquid elec-
trochemistry experiments and for (b) bipolar experiments.
prepared as described elsewhere [1] from sodium tetrakis[3,5-
bis (triﬂuoromethyl)phenyl]borate (97%, Alfa Aesar) and
bis(triphenylphosphoranylidene)ammonium chloride (97%,
Sigma).
The gold nanoparticles (5, 14 and 19 nm in diameter) were
synthesised from aqueous solutions of HAuCl4, following well
established colloidal methods, using sodium citrate as reducing
agent and stabiliser; in order to obtain the smallest diameters
(5 nm), tannic acid was added as a stronger ligand [27–29]. The
Au–Pd core–shell particles were produced using the as-prepared
19 nm Au particles as cores; varying amounts of H2PdCl4 were
reduced to form the Pd shells over the Au cores, using l-ascorbic
acid as reducing agent [28,30,31]. The resulting core–shell particles
are stabilised by both citrate and ascorbic acid. As expected from
the synthesis conditions used, and conﬁrmed by TEM and EDX  mea-
surements, the Pd20Au80 nanoparticles are 20 wt.% Pd and 80 wt.%
Au, with an average shell of 1.1 nm;  the Pd80Au20 on the other hand
have the opposite weight ratio and an average Pd shell thickness of
9 nm.
Cyclic voltammetry experiments were performed using a
four electrode conﬁguration (Fig. 1) with an Autolab poten-
tiostat (PGSTAT100). Homemade Ag/AgCl reference electrodes
(RE) were directly immersed in the chloride containing aqueous
phase. An aqueous solution of 0.1 mM LiCl and 1 mM BTP-
PACl (bis(triphenylphosphoranylidene) ammonium chloride) was
brought in contact with the organic solution and formed a liquid
junction for the organic reference electrode. The organic counter
electrode was glass coated to avoid contact of the Pt with the
aqueous (upper) phase. The cells used for the liquid|liquid elec-
trochemical measurements at the water|DCB interface, had a
cross-sectional area in the range 0.63–0.78 cm2 and a total solu-
tion volume of 3 ml.  A schematic of such a cell is shown in Fig. 1a.
The cells used for the bipolar setups had a solution volume of about
1.5 ml  in each phase and were connected through a 0.5 mm diam-
eter gold wire annealed in a butane ﬂame until glowing red prior
to experiment. The resulting electrochemical cell is summarised in
Fig. 1b.
To prepare samples for the transmission electron microscopy
(TEM), a drop of 10 l colloidal solution was deposited on holey 300
copper mesh grids covered with a holey carbon ﬁlm (Agar scien-
tiﬁc). When the solution was evaporated the samples were imaged
using an FEI Tecnai F30 transmission electron microscope operating
at 300 kV. Bright ﬁeld imaging mode was used and images recorded
digitally.
3. Results and discussion3.1. Transmission electron microscopy (TEM)
The gold nanoparticles of 5 nm and 19 nm diameter, and the
Pd80Au20 particles, were characterised by TEM. The resultant
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Fig. 2. TEM image of gold (5 nm)  particles, gold (19 nm) particles and Pd80Au20 particles. The scale bars, from left to right, are 10 nm,  20 nm and 50 nm.
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aig. 3. Cyclic voltammograms obtained with the cell described in Scheme 1 upon
anoparticles with a 19 nm gold core and a 9 nm thick Pd shell and upon addition o
he  positive limit of the potential window increase in both cases with successive ad
icrographs are shown in Fig. 2. As can be seen from the images,
he particles have a uniform size distribution as expected from
he preparation. The particles also tend not to agglomerate, which
oints to intact ligands and a stable colloidal solution. Previous
etailed HRTEM studies of particles prepared under the same con-
itions have shown that the Pd layer is continuous over the Au core,
ven for the 1 nm shell. The average lattice strain of the Pd-shell
elaxes by more than 2% upon increasing the shell thickness from 1
o 10 nm [28]. Very little evidence of substantial alloying has been
bserved under these growth conditions [28].
.2. Cyclic voltammetry at the liquid–liquid interface
Electrochemical measurements at the water|DCB interface were
erformed using the cell shown schematically in Fig. 1a with a
our-electrode conﬁguration. The cell composition is deﬁned in
cheme 1. DiMFc was chosen as reducing agent as its standard
otential (E0 = 0.573 V [10] in DCB) is high enough to allow the
- and 4 electron oxygen reduction but low enough to exclude
he interfacial HER (Table 1). Fig. 3 shows cyclic voltammograms
btained from the bare liquid–liquid interface and after successive
ddition of 20 l aliquots of colloidal solution containing Pd80Au20
Ag/AgCl(s) 4 mM 1,1’-Dimeth
15 mM BTPPATF
0.1 M LiCl,
1 mM 
BTPPACl(aq )
Scheme 1. The cell composition which was  employedtion of successive addition of 20 l of (a) colloidal solution of Pd shell gold core
 colloidal solution of gold nanoparticles with a diameter of 14 nm.  The currents at
s of nanoparticles.
particles (Fig. 3a) and Au 14 nm diameter particles (Fig. 3b) injected
close to the interface on the aqueous side. Prior to these mea-
surements cyclic voltammograms at slower scan rates (20 mV/s
and 10 mV/s) were recorded in the same potential range as the
subsequent cyclic voltammogram recorded at 50 mV/s and pre-
sented in Fig. 3. The data presented here was recorded about 30 min
after each particle addition, when no further change in the cyclic
voltammogram could be observed with time. This time delay is
necessary to allow each new aliquot of particles to reach the inter-
face, although this procedure has the disadvantage of permitting
spontaneous oxidation of the DiMFc reducing agent to occur (the
voltammetry was recorded under ambient conditions, with no
solution de-gassing). A reversible current peak can be observed at
  ˚ = 16 mV,  with   ˚ deﬁned as the difference between the poten-
tial of the aqueous and the organic bulk phases,   ˚ = ˚(w) − ˚(o).
This current is due to the ion transfer of the oxidised dimethyl-
ferrocene, DiMFc+ [10], formed by oxidation of the neutral DiMFc
initially present in the organic phase. The resultant DiMFc+ ion
transfer peak was used to adjust the absolute potential scale of the
cyclic voltammograms. The main evolution in the voltammograms
of Fig. 3a is in the positive limit of the potential window, which
shifts to lower potentials with each addition of Au nanoparticles.
0.1 M LiCl,
1 mM 
HCl(aq )
ylferrocene,
PB(DCB )
Ag/AgCl(s)
 for the presented electrochemical experiments.
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Table  2
Properties of the colloidal nanoparticle solutions employed for the experiments are summarised. The volume per particle, particle concentration per volume, surface area
per  particle and surface area per volume were determined.
Volume per particle (nm3) Particles (l) Circumference per
particle (nm)
Total circumference Surface area per
particle (nm2)
Surface area (nm2/l−1)
Au 5 nm 77.95 3.80 × 1010 15.7 5.97 × 1011 88.25 3.35 × 1012
Au 14 nm 1663.9 1.78 × 109 44.0 7.83 × 1010 678.9 1.21 × 1012
Au 19 nm 3591.4 7.10 × 108 59.7 4.24 × 1010 1134.11 8.06 × 1011
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fPd20Au80 4989 6.02 × 108 66.6 
Pd80Au20 26,521 3.34 × 108 116.2 
imilar cyclic voltammograms were obtained upon the subsequent
ddition of 20 l of colloidal solution of Pd20Au80 particles and
pon the addition of colloidal gold particles with diameters of 5 nm
nd 19 nm.
To quantify the current increase upon addition of colloidal
anoparticles, the double layer current of the cyclic voltammogram
rior to addition was determined and the potential at which the
urrent increased by half was noted. For the cyclic voltammograms
ecorded with the particles present, the potential at which this
dditional faradaic current was reached was determined. This pro-
edure was necessary as the exact area of the liquid–liquid interface
iffers for each preparation, due to its different shape and varying
iameter of the electrochemical cells employed. Without particles
resent the positive limit of the potential window is determined by
he transfer of the Li+ and protons; the Gibbs energies of transfer
etween aqueous phase and DCE of both species are compara-
le [32–34] and relate linearly to the Gibbs energies of transfer
etween water and DCB [10,35]. Upon addition of the particles an
lternative process is activated, which narrows the potential win-
ow at the positive end. This shift in potential with respect to the
are liquid–liquid interface for each preparation is plotted in Fig. 4
or the different additions of nanoparticles per volume colloidal
olution. It is clear that a larger shift in potential is observed for
he Pd shell–Au core particles, compared against the pure Au par-
icles, with a slightly bigger shift for the particles with thicker Pd
hell, hence higher surface area. For the gold particles a more pro-
ounced shift of the end of the potential window is observed for
maller particles, with the largest shift for the 5 nm diameter gold
articles and the smallest for the 19 nm gold particles.
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Δ
V
 Pd20Au80
 Pd80Au20
 Au (5nm)
 Au (14nm)
 Au (19nm)
volume added/µl
ig. 4. The shift in potential of the positive end of the potential window observed
or  different kinds of nanoparticle per volume of colloidal solution added.4.00 × 1010 1411.96 8.50 × 1011
3.88 × 1010 4300.9 1.43 × 1012
Using the diameter of the different nanoparticles, their respec-
tive circumferences, surface areas, and volumes could be obtained,
assuming completely spherical particles. The HAuCl4 starting con-
centration was  2.5 × 10−4 M for the preparation of 19 nm particles
and 2.9 × 10−4 M for the formation of 5 and 14 nm particles. Know-
ing the atomic weight of gold and its density, the number of
particles and their total surface area per volume of colloidal sus-
pension could then be determined (as shown in Table 2). For
the core–shell nanostructures, the concentration of particles in
solution was  determined from the dilution of the 19 nm Au core
colloidal suspension, through the addition of the Pd salt solution
and the ascorbic acid; it can be seen in Table 2 that the total metal
surface area per volume of solution increases with the Pd shell
thickness, despite larger dilution factors.
For the gold particles, a greater shift in the positive end of the
potential window is observed with the smaller particles when ana-
lysed per volume added. Due to the similar starting concentration
of gold in the synthesis of the colloidal solutions however, there
is a larger number of smaller particles per unit volume and due to
the greater ratio of surface to bulk atoms, the smaller particles also
have a larger active metal surface area and form a larger three phase
junction at the interface per unit volume. The active surface area
quoted is the total surface area of the gold nanoparticles, which is
the product of particles per volume and surface area per particle.
The active area responsible for the catalysing effect, however, is
not straightforward to determine as the exact adsorption behaviour
of the particles at the interface is not presently known and only part
of the surface of each particle will be in contact with the aqueous
or organic phase. Although we  cannot say how much of the par-
ticles added adsorb at the interface, there is equilibrium between
the number of particles in the bulk of the aqueous solution and
at the liquid–liquid interface [36,37]. Citrate and mercaptosuccinic
acid stabilised gold particles have been previously shown to adsorb
reversibly to the liquid–liquid interface at a potential close to the
negative end of the accessible window [16,36].
The potential shift due to the increasing current is shown in
Fig. 5 as a function of the number of particles added (indepen-
dent of the radius, R, of the particles), as function of the total
circumference (proportional to R), which is a measure of amount
of the total contact line created by the three phase junction of
particle|organic|aqueous, and as a function of the total surface area
(proportional to R2). It can be seen that the potential shift depends
exponentially either on the number of particles added or, more
likely, on the circumference of the particles added, which is pro-
portional to the length of the three phase junction of DCB|aqueous
phase|gold particles and was obtained as the product of the number
of particles and the circumference of one particle. Although the cir-
cumference of the particle at its maximum is probably not exactly
co-incident with the three phase junction, and in any case is likely
to change as a function of applied potential, both the circumference
and the three phase junction scale linearly with R. This leads to the
conclusion that the catalytic activity of the gold particles is not due
to surface area but more likely to an effect facilitating the reac-
tion at the three phase junction, or to a ‘storage’ of electrons [7]
to facilitate multi-electrons reactions through the newly formed
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liquid–liquid systems). The standard potential of DiMFc /DiMFc in
DCB is 0.57 V vs. SHE [10]. The potential of the Ag/AgCl reference
electrode in 0.1 M LiCl solution is 0.288 V vs. SHE, which gives a net
offset of 0.282 V vs. the interfacial potential at the liquid–liquidig. 5. The shift in potential of the positive end of the potential window observed f
a),  per active metal surface added (b) and per number of particles added (c).
hree phase junction and the increased space available for one
eaction.
The catalytic activity of the Pd shell particles is much more pro-
ounced than for the gold particles. Conducting the same kind
f normalisation of the potential shift to the number of particles
dded, the total length of the three phase junction and the active
etal surface shows a different behaviour than for the gold parti-
les (see Fig. 5). The Pd80Au20 particles produce a stronger shift
f the onset of the current with potential per particle. As can be
een in Fig. 5c when looking at the shift per active metal area,
he catalytic effect is reproduced smoothly and can therefore be
ttributed to the larger surface area per particle due to the bigger Pd
hell.
We can conclude that the catalysing effect of the Au–Pd
ore–shell particles is a surface area effect, which might be due to
he larger area available for hydrogen adsorption. The catalysing
ffect may  due to proton adsorption and successive transfer to
he organic phase where the proton is involved in subsequent
omogeneous reduction or due to the hydrogen adsorption and
onsecutive heterogeneous reaction: no unambiguous selection of
echanism is possible from this data. However catalysis due to
ydrogen absorption, as opposed to hydrogen adsorption, can be
xcluded as the shift in potential would then depend on the Pd
olume rather than on the surface area, which is much larger for
hicker Pd shells.
.3. Cyclic voltammetry with a bipolar setup
The underlying process of the catalysing effect of materials
dsorbed at the liquid–liquid interface has been, for different cat-
lytic materials, explained through assisted proton transfer from
queous to the organic phase and subsequent homogeneous reduc-
ion in the organic phase [2]. To verify this process for the present
ase, a bipolar cell (Fig. 1b) was employed in which the organic and
queous phase are only in contact through a gold wire. This is a
ariant of the “electronic conductor separating the organic/water
nterface” (ECSOW) conﬁguration reported by Osakai for simple
lectron transfer processes at the ITIES [26]. The cyclic voltam-
ogram recorded with the same concentrations of reactants and
upporting electrolyte in DCB and aqueous half-cells of the bipolar
ell is shown in Fig. 6.erent kinds of colloidal nanoparticle solution per circumference of particles added
In addition, cyclic voltammograms were recorded at (i) the
water|DCB interface where, instead of nanoparticles, an isolated
gold wire (annealed in a butane ﬂame until glowing red prior to
experiment) was  inserted to bridge the interface and (ii) a sepa-
rate experiment where the cyclic voltammogram for a gold wire
in the aqueous solution was  recorded against a Ag/AgCl reference
electrode (Fig. 6a and c, respectively). As for the cyclic voltammo-
gram recorded at the liquid–liquid interface, the potential scale for
the bipolar setup and for the gold wire at the liquid–liquid inter-
face had to be corrected by the potential drop at junction of the
organic reference electrode, which was determined to be −450 mV.
To compare the gold wire measured in aqueous solution using the
Ag/AgCl reference electrode with the liquid–liquid and bipolar cells,
the Ag/AgCl potential scale had to be linked to the DiMFc potential
scale (against which all reduction processes are occurring, in these
+Fig. 6. Cyclic voltammograms for the cell composition presented in Scheme 1 for a
liquid–liquid cell with a gold wire bridging the interface (a), for a bipolar setup con-
sisting of two half cells bridged by a gold wire with and without argon purging (b),
and for a gold wire in the aqueous half cell (c). (For interpretation of the references
to colour in the text, the reader is referred to the web  version of the article.)
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of metals to be combined with the unique possibilities of the14 Y. Gründer et al. / Electroch
nterface. In addition, for the bipolar and liquid–liquid systems,
ositive applied potentials correspond to the aqueous phase being
olarised positively and positive current refers to electron or anion
ransfer from the organic to the aqueous phase or, equivalently,
ations being transferred from the aqueous to the organic phase
38]. For the gold wire in aqueous solution the aqueous phase
as polarised negatively at positive potentials and positive cur-
ent was recorded for electron transfer from the aqueous phase to
he gold wire. Therefore potential and current scales for the gold
ire setup in aqueous solution are reversed with respect to the
iquid–liquid interface. As can be seen from this comparison, the
nset of increased positive current occurs at potentials in the range
.2 V <   ˚ < 0.3 V, which is about the same potential region seen
n the liquid–liquid case for the maximum shift induced by the
dsorbed nanoparticles. Given that this potential is too low to drive
queous proton reduction coupled to DiMFc oxidation, and that
he bipolar and three-electrode conﬁgurations exclude the possi-
ility of proton transfer to the organic phase, we therefore conclude
hat the underlying mechanism of the catalytic reaction does not
nvolve an interfacial ion transfer. In support of this, the bipolar cell
as investigated for the case where the aqueous phase was  purged
ith argon (Fig. 6(b), red trace). The extension of the positive poten-
ial limit suggests that this limit is, indeed, associated with oxygen
eduction.
The onset potential of increased current in the three experi-
ental conﬁgurations shown in Fig. 6 (the bipolar experiment, the
iquid–liquid experiment with a gold wire present and the half-cell
f the gold wire in aqueous solution) is more negative (0.3 V) than
n the liquid–liquid cell with gold nanoparticles adsorbed at the
nterface (the highest shift observed for a total addition of 100 l of
olloidal solution of 5 nm diameter gold particles was 0.5 V). This
ndicates that the catalytic activity of the nanoparticles is actu-
lly less strong than that of the gold wire, which may be caused
y a difference in the catalytic mechanism. For the gold nanopar-
icles a catalytic effect governed by the number of nanoparticles
as found, which was associated with charge storage or increased
vailable space for one reaction at the three phase boundary. The
xact mechanism of the catalytic effect and the exact oxygen reduc-
ion reaction cannot be deduced from this data alone. We note
owever that for gold nanoparticles adsorbed on solid substrates
20,22,25] both ORR reactions occur, with a higher activity towards
he 4-electron reaction seen for smaller particles. The dimensions
f the gold wire are much larger than those of the gold nanopar-
icles; therefore differences in the origin of the catalytic reaction
ould arise from deviations in charge arrangements and potential
rop at the extremities of the wire compared to the case of Au
dsorbed directly at the liquid–liquid interface. We  note that sig-
iﬁcant differences in the hydrogen adsorption behaviour of Au
anoparticles, compared to macroscopic Au electrodes, have been
eported recently [39]. By contrast, the potential shift observed
ith the Pd shell–Au core nanoparticles, is comparable to the
hree cases noted in Fig. 6 (the bipolar setup, the Au wire in the
iquid–liquid cell and the gold wire in the aqueous half-cell). We
herefore conclude that the catalytic effect of the Pd shell–Au core
anoparticles is similar to the gold wire, depending on the exposed
urface area.
Another factor that could reduce the catalytic activity of the
old nanoparticles is the blocking of the reaction through remain-
ng ligands or different chloride adsorptions on the nanoparticle
urface. The 14 nm gold, 19 nm gold and the Pd Au–core shell
anoparticles are stabilised by citrate whereas, the 5 nm diame-
er particles have a different ligand (tannic acid compared to citric
cid for the bigger particles). The change in ligand identity does
ot seem to affect the catalytic activity of the particles as the
ehaviour depends smoothly on the size of the three phase junc-
ion formed by particles added to the system with the organic and Acta 110 (2013) 809– 815
aqueous phase (Fig. 5a). The potential-dependent adsorption of cit-
rate on Au(1 1 1) electrodes has been investigated in the absence
and presence of chloride [40] at pH = 6.3 and similar behaviour
was observed in both cases, indicating the preferential adsorption
of citrate. Kunze et al. [41] investigated the adsorption of citrate
on Au(1 1 1) electrodes at pH 1 and pH 3 in absence of chloride
and found a weakening in the adsorption strength with decreas-
ing pH. The Gibbs energies of adsorption, Gads, for citrate at pH
1 and pH 3 were determined in a potential range of 0.52–0.92 V
(vs. SHE) to be in the range of 120–200 kJ mol−1 and to increase
with increasing applied potential. Again, it was concluded that
citrate is slightly more strongly adsorbed than chloride, with the
Gibbs energy of adsorption for chloride on Au(1 1 1) varying from
115–135 kJ mol−1 [42] in the same potential range. The adsorbate
coverage also depends on the adsorbate concentration in solution.
With similar Gads values for chloride and citrate, and a chlo-
ride concentration of 0.1 M in the aqueous phase compared to no
excess citrate, it can therefore be assumed that the nanoparticles
adsorbed at the liquid–liquid interface are stripped of their orig-
inal citrate ligands, either through potential cycles prior to each
measurement or through replacement with ions of the supporting
electrolytes.
To compare this potential range to the interfacial applied
potential in the liquid–liquid phase is not straightforward: for elec-
trochemical processes involving electron transfer the reaction is
deﬁned by the standard potential and the potential range has to
be converted against the potential of the electron acceptor/donor
couple in the organic phase as performed here for the bipolar cell.
In our case the electron donor/acceptor is the DiMFc/DiMFc+ cou-
ple and a potential range of 0.52–0.92 V (vs. SHE) corresponds
to a Galvani potential difference, ˚, range of −0.05 to −0.45 V
(note: the inversion of the sense of the potential scales due to
the aforementioned change in polarisation of the aqueous phase
in the four-electrode set up). Chemisorption processes, however,
are driven by the total charge at the solid electrode, e.g. anions
adsorb positive of the potential of zero charge (pzc) [43,44]. The
potential of zero charge of the liquid–liquid interface can be deter-
mined from an ion transfer with a known Gibbs energy of transfer;
the potential scale is then given as absolute potential. The adsorp-
tion of nanoparticles at the liquid–liquid interface, however, alters
the interfacial capacitance and shifts in the minimum of the capaci-
tance of about 0.05 V have been observed upon adsorption of citrate
covered gold nanoparticles. On Au(1 1 1) the pzc is about 0.45 V (vs.
SHE). By comparing this value to the pzc of the liquid–liquid inter-
face, the potential range of 0.52–0.92 V (vs. SHE) on a gold electrode
corresponds to a   ˚ range of −0.07 V to −0.47 V, which is on the
same order as the potential scale adjustment with respect to the
DiMFc/DiMFc+ couple. The onset of current due to the catalysed
ORR is observed positive of the pzc, in a potential region where
no citrate or chloride should be adsorbed on gold in the aqueous
phase.
4. Conclusions
In this paper we present the ﬁrst results on the catalytic activity
of pre-formed metal nanoparticles adsorbed at the liquid–liquid
interface. This is an ideal system to probe catalytic properties of
metal nanomaterials without a solid substrate, which can affect
electrocatalytic properties by perturbing the electrochemical dou-
ble layer. In addition, this setup permits the catalytic propertiesliquid–liquid setup, given that a three phase boundary is formed,
such as higher solubilities of reactants (or products) in the organic
solvents. New electrocatalytic reactions may, therefore, emerge
from the study of catalytic process at the ITIES.
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